acids. In hemagglutination inhibition assay, α1-6 mannobiose was the strongest inhibitor and 10 isomaltose, Glcα1-6Glc, was the second strongest one, among mono-and oligo-saccharides tested.
5
Many species produce Man-recognizing lectins. Concanavalin A (Con A) is specific to Man and 6 has been used as a biochemical or biological agent for a long time (Loris et al. 1998 ). This lectin 7 recognizes not only Man but also Glc, therefore, it is categorized as a Man/Glc-specific lectin. On the 
14
Hygrophorus russula, and the binding affinity to sugar was specifically potent to Man. This specificity
15
was notably new and unusual compared with characteristics of the known mushroom lectins. In 16 particular, further study showed that this lectin activity was α1,6-Man specific and its sugar-binding 17 specificity has not been reported yet. Here, we describe the isolation and characterization of the lectin 18 from this mushroom.
20 21

Results
22
Purification of HRL 
23
The purification procedure is summarized in Table I . In the present study, Sephadex G-50 was chosen 24 as the affinity support since the hemagglutination activity of the crude extract from the mushroom was 25 inhibited by Man and Glc. Initially, the extract of H. russula was applied to Sephadex G-50. Almost 26 all the lectin activity from the extract was adsorbed to the affinity column and eluted with 0.3 M Man.
27
The eluate was further purified by BioAssist S cation exchange chromatography, and a pure lectin,
28
which was named HRL, was obtained.
30
Molecular properties of HRL
31
HRL gave a single band with an apparent mass of 18.5 kDa on SDS-PAGE ( Figure 1A ) regardless of 
4
The results of SDS-PAGE, gel filtration, and MALDI-TOF mass analysis indicated that the molecular 5 mass of HRL was 74 kDa and it was composed of four identical 18.5 kDa-subunits with no disulfide 6 bonds.
7
The protein content of HRL was about 94.4% (Supplementary Figure 2A) . The amino acid 8 composition revealed a high content of Gly, Asx, and Thr (Supplementary Table 1 
21
The cDNA of HRL was cloned from total RNA extracted from fruiting bodies of the fungus using 
25
The amino acid sequence of HRL was analyzed by the BLAST program, and the sequence 26 showed homology to the lectin from the mushroom Grifola frondosa (GFL) (38%) and the lectin from
27
Japanese sago palm Cycas revoluta (CRLL) (27%) (Figure 4 ).
28
.
29
Properties of HRL as a lectin
30
HRL was stable below 60°C, but rapidly inactivated at temperatures above 60ºC (Supplementary 31 Figure 3A ). HRL was relatively stable over a wide range of pH values, especially between pH 2.0 and 32 6 9.5 (Supplementary Figure 3B) . EDTA-treatment and metal cations addition to the pre-treated lectin 1 did not affect the lectin activity. The lectin agglutinated Pronase-and neuraminidase-treated human 2 erythrocytes (Table II) . Table III Table IV . ConA, PSA, BanLec, GNA, HHA and TxLc-I bound to α-mannosides regardless of their
10
linkage positions and some of them bound to Glcα1-6 linkage, too. However, the binding specificity
11
to mannosides and glucosides of HRL was strictly limited to α1-6 linkage, especially Manα1-6 one.
12
The sugar-binding specificity of HRL was also investigated by SPR analysis. HRL was
13
immobilized on the sensor chip CM-5 by amine coupling and ten glycoproteins were used as analytes.
14
The sensorgrams and the kinetic data of the binding are shown in Supplementary Figure 4 and dose-dependently ( Figure 6A ). Furthermore, disassociation of the glycoprotein caused by α1-6 26 mannobiose and other α-mannobioses was compared with one another. As shown in Figure 6B , the 27 binding of PSM was abruptly reversed by injection of α1-6 mannobiose, whose MIC in the 28 hemagglutination inhibition assay was 39.1 µM ( Figure 7) . The strength of affinity of each PA-glycans for the immobilized lectin was
10
shown as V-V 0 value (µL). HRL bound to high mannose type sugar chains ( Figure 6 ). The lectin
11
showed the highest affinity for Manα1-6(Manα1-3)Manβ1-4GlcNAcβ1-4GlcNAc (PA-003).
12
Manα1-6(Manα1-3) Manα1-6Manβ1-4GlcNAcβ1-4GlcNAc (PA-004) and Manα1-6(Manα1-3)
13
Manα1-6(Manα1-3)Manβ1-4GlcNAcβ1-4GlcNAc (PA-005) were also very strong haptenic sugars.
15
Mitogen activity of HRL
16
HRL stimulated the production of IL-6, IFN-γ and IL-10 dose-dependently when rat spleen cells were 
18
and IFN-γ production was suppressed by addition of α1-6 mannnobiose. The IL-6 production by HRL
19
is much stronger than that by ConA.
21
Binding of HRL to gp 120
22
In order to examine anti-HIV of HRL, interaction of gp120 and HRL was analyzed by plate assay 23 using immobilized gp120 on the plate and was compared with other lectins (Figure 8 ). HRL and
24
BanLec showed strong affinity to gp120.
26 27
Discussion
28
A novel Man-specific lectin, HRL, was purified from the edible mushroom Hygrophorus russula by 
6
The sugar composition analysis indicated that HRL contained both N-and O-linked oligosaccharides.
7
The amino acid sequence of HRL indicated the presence of one N-glycosylation sites in the molecule
8
( Figure 3 ). The isoelectric focusing of HRL gave a band with a pI of 6.40 (Figure 1 ).
9
The cDNA of HRL was cloned from RNA extracted from the fruiting bodies of H. russula and 
21
The BLAST search revealed that HRL has sequence homology with the jacalin-related lectin
22
from G. frondosa (GFL) (38%) and the mannose-specific jacalin-related lectin from C. revoluta
23
(CRLL) (27%). Despite the high degree of sequence homology of HRL with GFL, GFL was not
24
inhibited by any of the tested monosaccharides or disaccharides including Man and Glc (Nagata et al. 
4
In the hemagglutination inhibition test, α1-6 mannobiose was the strongest haptenic sugar and 5 the other α-mannobioses, α1-3, α1-2, or α1-4 mannobiose exhibited much weaker binding to the 6 lectin than α1-6 mannobiose (Table III) . This result was confirmed by the co-injection in SPR analysis 
11
were also strong inhibitors compared to α1-2, α1-3, or α1-4 mannobiose in the hemagglutination 12 inhibition test (Table III) . The other known Manα specific lectins tested, ConA, PSA, BanLec, GNA
13
and HHA, were not able to distinguish among α1-2, α1-3, α1-4 and α1-6 mannobioses (Table IV) . To 
2
The results of bioassay using rat spleen cells showed that HRL had mitogenic activity through 
4
The mushroom Hygrophorus russula from which HRL was isolated is edible. This mushroom 5 might become a candidate for a functional food that can prevent HIV infection in future. Furthermore,
6
HRL has a promising potential for a probe that is able to distinguish Manα1-6 linkage from the other 7 linkages of Man.
9 10
Materials and methods
11
Materials
12
Fruiting bodies of H. russula were collected at Narusawa village, Yamanashi Prefecture, Japan, frozen 
21
and Arg-C were products of Wako Pure Chemicals (Osaka, Japan), Sigma (St. Louis, MO) and Takara
22
Bio Inc. (Shiga, Japan), respectively. ABEE reagent and Wakosil-II column were obtained from Wako
23
Pure Chemicals. All the sugars and glycoproteins for the hemagglutinating inhibition tests and the
24
SPR analyses were purchased from Nacalai tesque (Tokyo, Japan), Wako Pure Chemicals,
25
Calbiochem (La Jolla, CA) or Sigma. BIAcore 2000 was a product of GE Healthcare UK-Ltd.
26
PA-oligosaccharides for FAC analysis were purchased from Takara Bio Inc.. HiTrap NHS-activated
27
Sepharose (activated agarose gel) was purchased from GE Healthcare UK-Ltd. Stainless steel empty 
1
Animals
2
Male Fisher 344 rats were purchased from the Shizuoka Laboratory Animal Center (Shizuoka, Japan).
3
They were housed in individual cages of screen-bottomed stainless in room with controlled 4 temperature (23 ± 2°C) and lighting (light on from 8:00 to 20:00).
6
Purification of the lectin 7
All of the procedures were carried out at 4°C. After defrosting, the fruiting bodies of H. russula were 
25
Isoelectric Focusing
26
Isoelectric focusing on a gel (PhastGel IEF, pH 3-9) was done in a Phastsystem (GE Healthcare
27
Bio-Sciences). The pI standards (GE Healthcare Bio-Sciences) used were trypsinogen (pI 9.30), lentil 
21
Isolation of RNA
22
The fruiting bodies collected as mentioned above were frozen and stored at -80°C. The frozen tissue
23
was ground to a fine powder under liquid nitrogen using a mortar and pestle. Total RNA from the 24 frozen powder was purified with the RNeasy Mini Kit (Qiagen, Hilden, Germany).
26
Cloning of HRL cDNA
27
RT-PCR was performed with a PrimeScript™ RT-PCR Kit (Takara). The total RNA was used as the cDNA fragments obtained was cloned and sequenced as described above.
11
Bioinformatics analysis
12
The peptide sequence was characterized using the Compute pI/Mw and ProtParam algorithms
13
(http://www.expasy.ch). The sequence was also analyzed for homologues using the BLAST program
14
(http://www.ncbi.nlm.nih.gov/BLAST/).
16
Neutral Sugar Content Estimation
17
The sugar content of HRL was measured by the phenol-sulfuric acid method with reference to Glc 1986). Briefly, the protein (10 µg) was dissolved in 10 µL distilled water in a test tube to which 25 8 mM HCl (400 µL) was added. The test tube was incubated at 80°C in a hot block bath. After 1 h, the 9 tube was cooled to room temperature and the acid was removed by using a centrifugal concentrator at
10
35°C. The dried sample was derivatized with 1,2-diamino-4,5-methylenedioxybenzene at 65°C. After 
18
Thermostability, pH Stability and Metal Cation Requirements
19
The thermostability and pH stability of the lectin were examined as described previously ( 
4
Preparation of PSM and asialo-PSM
5
PSM or asialo-PSM was treated with phenol in order to remove impurities as follows. 50% phenol was 6 added to aqueous solution of each sample (5 g) , and the resulting mixture was stirred overnight. The 7 mixture was centrifuged (15,000 × g, 30 min) and the phenol was removed. After this procedure was 8 repeated twice, the water layer was dialyzed extensively against distilled water and lyophilized.
10
Hemagglutination and Inhibition Assay
11
The hemagglutinating activity of the lectin was determined by a two-fold serial dilution procedure 12 using intact, Pronase-treated, trypsin-treated, and neuraminidase-treated erythrocytes. The 
17
SPR Analysis
18
Real time detection of the lectin binding to glycoproteins was recorded by using a BIAcore 2000.
19
Intact lectin was immobilized covalently via its primary amines to carboxyl groups within a dextran 
3
The experimental sensorgrams were fitted to various kinetic models in BIAevaluation 3.2 4 software. Association and dissociation rate constants (ka and kd) were calculated by using
5
BIAevaluation 3.2 software. The affinity constant (K D ) was calculated from the ka and kd. For the 6 calculation of rate constants, samples were appropriately diluted in HBS-EP at various concentrations. Spleens from rats (n = 2) were harvested into ice-cold RPMI-1640 containing 0.5% heat-inactivated 
26
Interaction between glycosylated HIV-1 gp120 and the biotinylated Man-specific lectins was 27 detected by ELISA. 96-well ELISA plates (Greiner, Frickenhausen, Germany) were coated by adding 
12
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Spleens were added to flat-bottom 96-well plates and incubated at 37°C in 5% CO 2 with either various 
